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Many biotic and abiotic processes contribute to variability in phytoplankton diversity in aquatic ecosystems.
Depending on their intensity and on their frequency, these may drive non-equilibrium dynamics and enhance the
species diversity. Different studies propose that biodiversity buffers ecosystem functioning against environmental
ﬂuctuations leading to more predictable aggregate community or ecosystem properties. Salto Grande reservoir is
polymictic and eutrophic with recurrent summer cyanobacterial blooms. The aim of this study was to determine the
key variable(s) related with phytoplankton diversity in order to predict the possible occurrence of an algal bloom at
the ecosystem. A preliminary analysis of the data matrix suggested non-linear relationships between diversity and the
selected variables: phytoplankton abundance and the vertical attenuation coefﬁcient (Kd). The best function ﬁtting of
the scatter plot of phytoplankton diversity versus phytoplankton abundance was a rational function. The inﬂection
point of phytoplankton diversity estimated by the second derivate of this function was 2.7 bit cell1 which
corresponded to an abundance of 3000 cellsml1. The relationship of phytoplankton diversity and vertical attenuation
coefﬁcient values also show a humped distribution pattern (Gauss function). The inﬂection point of this function
corresponded to a diversity value of 1.9 bit cell1 and 2.5m1 for Kd. These inﬂection points were, respectively, related
with the resource competition among the present species and the light limitation conditions. The showed patterns of
diversity and the estimated threshold values could be integrated to construct a predictive model for the reservoir based
on phytoplankton diversity and the probable ambient conditions of the reservoir.
r 2008 Elsevier GmbH. All rights reserved.
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Biodiversity is a key factor in ecology, directly linked
with the regulation and functioning of the ecosystems.
Many biotic and abiotic processes contribute to
variability in phytoplankton diversity in aquatic ecosys-
tems; these may act at different scales of time and space.e front matter r 2008 Elsevier GmbH. All rights reserved.
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ess: gchalar@fcien.edu.uy.Seasonal replacements of phytoplankton assemblages
are related closely to seasonal changes in temperature,
external hydraulic and nutrient loads and light avail-
ability. Other processes act on time periods of days to
weeks, like meteorological (wind, rain and cloudiness)
and hydrological events (water and inputs, hydrological
withdrawal and water level ﬂuctuations). Depending on
their intensity and on their frequency, these may drive
non-equilibrium dynamics and enhance the species
diversity of the ecosystem (Margalef, 1958; Connell,
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temporal processes are superimposed to the spatial
dimension in such a way that the frequency and intensity
of a certain event may vary according with the local
morphometry, depth, wind fetch or distance from the
main channel, favouring or not species coexistence.
According to resource competition theory, species
diversity is proportional to the number of resources
that are limiting at a given time, whereas environmental
ﬂuctuation, or disturbance, enhances the levels of
diversity (Hutchinson, 1961; Tilman, 1982).
Although the hypothesis that greater ecological diver-
sity leads to greater stability has been debate for a half
century, there is a growing empirical and theoretical
evidence supporting this relationship (McGrady-Steed
et al., 1997; Aoki and Mizushima, 2001; The´bault and
Loreau, 2005; Tilman et al., 2006). These studies propose
that biodiversity buffers ecosystem functioning against
environmental ﬂuctuations leading to more predictable
aggregate community or ecosystem properties. The
interest in this topic has grown since the recognition of
the loss of biodiversity caused by the increased impact of
human activities and the alleged consequent deterioration
of ecosystem functioning.
Previous paragraphs show the high number of the
interacting elements related to ecosystem diversity. Such
complexity could be represented at least in part, by
simple theoretical models based on non-linear interac-
tions that capture fundamental properties of how
ecosystem works. Non-linear interactions observed in
nature may help us to predict the existence of thresholds
and discontinuities that can challenge the usual linear
way of thinking (Sole´ and Bascompte, 2006). The
recognition of patterns of diversity and their relation-
ship with other emergent properties of the phytoplank-
ton community (Reynolds, 2001), disturbs, limiting
resources or other key variables is fundamental to
predict ecosystem responses to environmental changes
and human-induced perturbations.Fig. 1. Salto Grande reservoir location in the Uruguay River basin (l
Gualeguaycito arm, I – Itapebı´ arm.The hypothesis of this work is that the loss of
ecosystem stability (resistance to algae bloom; Roelke
and Buyukates, 2002), will be indicated by an inﬂection
point in the scatter plot of diversity and related key
variable(s). The aim of this study was to determine the
key variable(s) related with phytoplankton diversity in
order to predict the possible occurrence of an algal
bloom at the ecosystem.Materials and methods
Study area
Salto Grande is a river-like reservoir constructed in
the main channel of the Uruguay River, tributary of La
Pata River (Fig. 1). It was built for hydroelectric power
generation and is shared by Argentina and Uruguay
countries.
The reservoir is located in the subtropical climatic
region (291430–311120S and 571060–571550W), character-
ized by a period of high water load (April–November)
and another dry one, which coincides with the summer
season (December–March). Mean water ﬂow in the
rainy period is 5563m3 s1 with maximal records of
22000m3 s1 while in the dry ones, mean values drop to
2800m3 s1 with minimal records of 216m3 s1. These
changes in the water ﬂow were related with the ENSO
(El Nin˜o – Southern Oscillation, Goddard et al., 2001).
The reservoir is polymictic but may exhibit temporal
stratiﬁcations during calm periods in summer. Still
under low ﬂow conditions the thermal stability does not
last for long periods because the water storage is drawn
off from depth so that, power generation pulses
destabilizes the thermal structure. The main features of
the basin and the reservoir it self are shown in Table 1.
Limnological studies at Salto Grande have been
carried out since it was ﬁlled, in 1979. Quiros andeft). Sampling stations location within the reservoir (right), G –
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Table 1. Main features of Salto Grande Reservoir
Reservoir Basin area 224,000 km2
Annual mean water inputs 4640 hm3
Volume 5109m3
Surface area 780 km2
Mean depth 6.4m
Maximal depth 35.0m
Mean width 5.4 km
Maximal width 9.0 km
Total length 100 km
Mean retention time 11.3 days
G. Chalar / Limnologica 39 (2009) 200–208202Luchini (1982) described the annual pattern of the main
physical, chemical and biological variables. They were
the ﬁrst to remark on the high inorganic turbidity of the
system. Beron (1990) stressed on the eutrophic reservoir
conditions and the high environmental variability of the
system, which may function as a river or as a lake
according with the retention time (RT) variations.
O’Farrell and Izaguirre (1994) studied the phytoplank-
ton structure and seasonality of the lower Uruguay
River Basin and tributaries, concluding that the seasonal
succession was mainly regulated by temperature, trans-
parency and water discharge. In addition, they pointed
out the turbidity of the system is a limiting factor for
algal development during the summer low water
periods. Conde et al. (1996) emphasized the importance
of spatial heterogeneity determined by physical and
chemical parameters, differentiating the main channel
from the lateral arms where frequent summer algal
blooms take place. De Leo´n and Chalar (2003)
described the annual succession of phytoplankton
functional groups and the annual diversity pattern.
Chalar et al. (2002) summarized the physical and
chemical evolution of the reservoir since ﬁlling and
showed the signiﬁcance of inorganic (ferric) turbidity
and episodes of clear water, because of particulate
sedimentation as a factor beneﬁcial to the development
of phytoplankton blooms. Chalar (2006) examined the
relationship among phytoplankton biomass, total phos-
phorus and hydrologic load under different time scales,
and showed the importance of agriculture contribution
via erosion to phosphorus load. During the summer
period, the water level of the reservoir seems to be a key
factor controlling the access of the phytoplankton to the
nutrients stored in the sediments (Chalar, 2006).Sampling stations
Five sampling stations were located at the two main
arms near the dam of Salto Grande reservoir (Fig. 1).
Three stations were located at Gualeguaycito arm. G1
was the closest to the main channel (mean
depth ¼ 14.2m), G2 was located near the opening of
the Gualeguaycito River (mean depth ¼ 4.1m) and G3was located in a small bay (mean depth ¼ 10.5m).
The other two stations were placed at Itapebi arm. I1
was located close to the main channel (mean
depth ¼ 10.5m) and I2 was placed near the opening of
the river (mean depth ¼ 3.0m). Twelve limnological
surveys were carried out between September 2000 and
March 2002 at the ﬁve selected sampling stations. Eight
surveys were carried out monthly in the two studied
summers and the others were carried out considering the
seasonal variability. The underwater photosynthetically
available radiation (PAR), was measured at 10 cm
vertical intervals with a Quantum Radiometer (Licor
Instruments). The vertical attenuation coefﬁcient (Kd)
was determined as the slop of the linear regression of
LN (PAR) versus depth.Phytoplankton determinations
Sub-surface phytoplankton samples were taken with a
250-ml plastic bottle and immediately preserved with
Lugol’s iodine solution. A subsample of water was
settled for enumeration using the inverted microscope
technique and sedimentation chambers of 5, 10 and
20ml according with total phytoplankton abundance.
The minimum sedimentation time was 6 h per chamber
cm. The minimum number of individuals counted
was 200.
Species diversity was measured according to Shannon
and Weaver (1949):
H 0 ¼ Spi In pi
where pi is the relative importance of species i, derived
from cell numbers (Ni/Nt). The number of species was
estimated as the sum of all registered species in the
sample.
Spatial and temporal differences of the studied
variables were tested by ANOVA univariate analysis
StatSoft Inc. (2001).
A preliminary exploratory analysis of the matrix data
was carried out using the distance weighted least-square
method (StatSoft Inc., 2001). Based on this analysis, we
selected the relevant variables for test our hypothesis of
work. This preliminary analysis suggested the expected
non-linear relationships between diversity and the ﬁnally
selected variables: phytoplankton abundance and the
vertical light attenuation coefﬁcient (Kd). The scatter
plots of observed phytoplankton diversity and observed
values of the selected variables were automatically ﬁtted
to a continuous function using the CurveExpert soft-
ware (version 1.37), which ranks the ﬁtted functions
according with the smallest standard deviation (S) and
highest correlation coefﬁcient (r). The inﬂection point of
the best-ﬁtted function was determined estimating the
second derivate of diversity respect to the related
variable in the range of observed data.
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A total number of 158 species were identiﬁed in
the phytoplankton community, during the study. This
total number was composed by 70 species of Chlor-
ophyta, 39 species of Cyanophyta, 25 species of
Bacillariophyta, nine species of Chrysophyta, eight
species of Euglenophyta, three species of Cryptophyta,
two species of Pyrrhophyta and two species of
Xantophyta.Spatial and temporal dynamics
During the study, a high temporal variation of water
ﬂow inputs and instantaneous mean RTs were observed
(Fig. 2). Also, Kd values, phytoplankton abundance
and species diversity showed high temporal variability
(Figs. 3 and 4).
A general feature of the temporal dynamics exhibited
in the ﬁrst summer (2000–2001) was related to rainier
conditions and a shorter RT, as well as a lower
phytoplankton abundance, than in the second summer
period (2001–2002). At all the samplings, mean phyto-
plankton abundance was dominated by the cyano-
bacterial group (Fig. 4) (except for the heavy rainy
September 2000 and October 01). Microcystis aeru-
ginosa was always the bloom-forming species. Both
spring samplings showed maximal water ﬂow, charac-
terized by maximal Kd values, intermediate values
of species diversity and minimal phytoplankton
abundance.
On the other hand, only species diversity and Kd
values showed signiﬁcant spatial differences (ANOVA,
po0.05). The LSD test indicated signiﬁcant differences
between I2 and the three stations located at Gualeguay-
cito arm (G1, G2 and G3).Fig. 2. Water inputs and retention timeBiological and physicochemical relationships
RT was positively correlated with phytoplankton
abundance (r ¼ 0.45, po0.001, n ¼ 60), and negatively
with Kd values (r ¼ 0.29, p ¼ 0.02, n ¼ 60). RT and
phytoplankton diversity did not show any signiﬁcant
relationship. All the Kd values registered were high,
with only two cases below 2m1, a value associated with
very turbid waters (Kirk, 1994). The Kd was negatively
correlated with the phytoplankton abundance
(r ¼ 0.61, po0.001, n ¼ 60).
Diversity, phytoplankton abundance and vertical
light attenuation coefﬁcient (Kd)
The number of species showed a signiﬁcant positive
linear correlation with phytoplankton abundance
(r ¼ 0.72, po0.001, n ¼ 60) and negative with Kd
(r ¼ 0.48, po0.001, n ¼ 60). The maximal species
number in a single sample was 63, at station G3 in
March 2002. In this sample, 90.7% of the total
abundance (415,465 cellsml1), was represented by
M. aeruginosa and only other six species reached 0.1%
of total phytoplankton abundance.
The scatter plot of the diversity versus natural log of
phytoplankton abundance data, revealed an asymmetric
humped distribution (Fig. 5). Visual analysis of the data
indicate that at very low phytoplankton abundance
(0–400 cellsml1), moderate values of diversity were
observed (1.5–3.3 bit cell1), at mean phytoplankton
abundance (400–3000 cellsml1), maximal values of
species diversity were found (2–4.1 bit cell1), while at
higher phytoplankton densities (43000 cells ml1), spe-
cies diversity decreased from 3.1 bit cell1 to the minimal
records (0.45 bit cell1). The best function ﬁtting of
this scatter plot was a rational function (S ¼ 0.69;
r ¼ 0.72), formed by a ﬁrst-order polynomial divided byvariation within sampling months.
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Fig. 3. (A) Mean values of vertical light extinction coefﬁcient (Kd) at each sampling month and (B) phytoplankton diversity at each
sampling month. Vertical bars indicate the standard deviations of the mean value of sampling sites.
Fig. 4. Mean phytoplankton taxa composition and abundance at each sampling month, showing the standard deviations (vertical
bars).
G. Chalar / Limnologica 39 (2009) 200–208204a second-order one. The inﬂection point of phytoplank-
ton diversity estimated by the second derivate of this
function was 2.7 bit cell1 which corresponded to an
approximate total abundance of 3000 cellsml1.
The relationship of phytoplankton diversity and Kd
values also show a humped distribution pattern. The best
ﬁt found to the scatter plot of these variables corre-
sponded to a Gauss function (S ¼ 0.83; r ¼ 0.54; Fig. 6).
The inﬂection point of this function corresponded to a
diversity value of 1.9 bit cell1 and 2.5m1 for Kd.Discussion
Phytoplankton communities in hydroelectric reser-
voirs are highly susceptible to external forcing functions
like hydrological load, RT, external inputs of suspended
solids and nutrients and human operation of the dam
(Strasˇkraba and Tundisi, 1999). Also, like in other
aquatic ecosystems, the morphometry, the wind action
and the seasonal temperature variations are very
relevant. Under continuous high ﬂushing rates, in-lake
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Fig. 5. Scatter plot of diversity and phytoplankton abundance showing the rational function ﬁtted to the observed values
(y ¼ (0.5167+0.153X)/(1–0.303X+0.0265X2), and the estimated inﬂection point of the function.
Fig. 6. Scatter plot of diversity and vertical light extinction coefﬁcient showing the Gauss function ﬁtted to the observed values
(ð3:0549eðX4:0612Þ2Þ=2ð1:6038Þ2 Þ, and the estimated inﬂection point of the function.
G. Chalar / Limnologica 39 (2009) 200–208 205process are weak and the biomass of the phytoplankton
community should be low and dominated by species
physiologically and behaviourally adapted to permanent
water column mixing, high turbidity and high export
rates (Reynolds, 1993). When RT increases, in-lake
processes become more important, successive genera-
tions are permitted to develop and phytoplankton
succession may take place with the enhanced primary
production and phytoplankton growth (Chalar and
Tundisi, 1999, 2001). Temporal variations of Kd values,phytoplankton abundance and species diversity were
associated with the changes in the water discharge along
the study period. According to Chalar (2006), the
hydrologic load of Salto Grande is characterized by a
high content of total phosphorus, soluble reactive
phosphorus, and iron associated with suspended parti-
cles and colloids. These materials account for the high
inorganic water turbidity in the reservoir, the origin of
which can be traced back to the soil erosion promoted
by non-conservational environmental practices at the
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production (Chalar 2006). Similar results were found in
the reservoirs of the Parana River system (Gomes and
Miranda, 2001; Calijuri and Dos Santos, 2002).
It may be concluded that, in the Salto Grande
Reservoir, the inorganic turbidity plus the short RT
limit phytoplankton growth at most of the annual cycle.
Nevertheless, in dry months, RT increases, suspended
particles settle down and light availability increases
(Chalar et al. 2002). Under the eutrophic status of the
reservoir Microcystis growth is favoured and it may
increase in abundance by two or three orders of
magnitude, particularly at the deeper stations. At the
shallower ones, the wind-induced sediment resuspension
may periodically modify the underwater light ﬁeld and
the stability of the water column, limiting phytoplank-
ton development.
There are many possible measurements of phyto-
plankton diversity like, species number, diversity indices
or functional diversity (Reynolds, 2006). In addition,
diversity indices may be estimated based on different
measurements of the community (number of indivi-
duals, number of cells, biovolume, or chlorophyll a),
depending on the objectives of the work and the
availability of the data. In this study, only species
number and Shannon diversity based on cells number
were estimated (biovolume data were not available). The
relationship between species number and the other
investigated parameters did not match the hypothesized
pattern of work.
On the other hand, the Gaussian model ﬁtted to the
relationship of Kd and diversity agrees with the
predictions of the Intermediate Disturbance Hypothesis
(Connell, 1978) and adds more evidences for the
importance of ambient variability and diversity inter-
dependence. This feature of ecosystem functioning was
early proposed by Margalef (1958), hypothesized by
Connell (1978) and consistently argued by Reynolds
(2006). Variations in Kd values integrate several
disturbance processes (water inputs, wind-induced
resuspension, changes in reservoir level), but at the
same time it is an estimate of light availability for
phytoplankton.
Thresholds may be deﬁned, as the level, beyond which
a system enters a different state or irreversible change
occurs (Binedell et al., 1999). From Fig. 5, we could
infer that the inﬂection point represents the threshold
value of light limitation. At Kd 42.5m1 light
limitation forces the competition and maintains mean
to high levels of phytoplankton diversity, when light
limitation disappears (Kdo2.5m1), diversity drops
from it threshold value of 1.9 bit cell1 to the minimal
registered records. Previous research showed how the
changes in the limiting resources availability enhance the
species competition and may increase ecosystem diver-
sity (Litchman and Klausmeyer, 2001). Competition forlight has been identiﬁed as a crucial factor in maintain-
ing phytoplankton diversity under natural regime of
light ﬂuctuation (Flo¨der et al., 2002). While under
stable environmental conditions, the species with the
lowest critical light intensity will exclude all the others
(Huisman et al., 1999a; Flo¨der and Burns, 2005). On the
other hand in the absence of vertical water column
stratiﬁcation, if turbulent mixing is less than a critical
turbulence, phytoplankton growth rates are higher than
vertical mixing rates, and a bloom may develop
‘‘irrespective of the depth of the upper water layer’’
(Huisman et al., 1999b). Theses authors demonstrate
that this mechanism is more important when back-
ground turbidity is low and for buoyant phytoplankton
species, like M. aeruginosa.
The threshold determined for Kd (2.5m1), is close to
the value proposed by Kirk (1994), to characterizer very
turbid waters (42.0m1). The estimated inﬂection point
of diversity in this study (1.9 bit cell1), is similar to
the deﬁned by Margalef (1983), as an upper limit for the
phytoplankton of eutrophic lakes and also to the
selected value by Roelke and Buyukates (2002), as a
threshold for ecosystem stability.
The rational model ﬁtted to the scatter plot of
diversity – natural log of phytoplankton abundance,
shows that at low phytoplankton densities, diversity
values are moderate, corresponding to light- and
RT-limited communities. As the reservoir conditions
become more favourable, the abundance of the phyto-
plankton community increases and diversity reaches its
maximal values, until the deﬁned inﬂection point of
2.7 bits cell1 and 3000 cellsml1. This inﬂection point
should represent the beginning of the resource competi-
tion among the present species (Hutchinson, 1961). The
estimated threshold value for diversity was higher than
the estimated for the relationship of diversity and Kd.
So it should be considered as the ﬁrst announcement for
a probable diversity decline and a bloom occurrence.
Considering the mean generation time of Microcystis
(0.85 day1) estimated by Reynolds (1989), we would be
able to give an early warning about six generations
(20–30 days) before Microcystis bloom develops
(105 cellsml1). There are very few data about the
phytoplankton cells densities at which the negative
effects of competition on diversity are expected to
began. Siegal (1998) developed a microscale model of
competition among individual phytoplankton cells for a
limiting nutrient substrate. His results show that, for
eutrophic waters dominated by large phytoplankton cell
sizes (cell diameterX100 mm), competition for a limiting
nutrient resource can occur at phytoplankton abun-
dance X1000 cellsml1. The absolute threshold value
we estimated for phytoplankton abundance
(3000 cellsml1), is proximal to this value and to one
proposed by Margalef (1983), to discriminate between
oligotrophic and eutrophic conditions for Spanish
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value (2000 cellsml1) proposed by Chorus and Bartram
(1999), to give a ﬁrst warning of a potentially toxic
Microcystis bloom occurrence.
Salto Grande reservoir exhibited a high range of
water inputs, Kd values and phytoplankton diversity
and abundance, which are related with the temporal and
spatial dynamics. They enabled us to study extreme and
average situations that were well described by simple
non-linear models. The thresholds values we estimated
by the second derivate approach are in accordance with
the quantitative references we found. Both concepts, the
Intermediate Disturbance Hypothesis and the Diversity
– Stability theory, contributed to our hypothesis
formulation, validated by the results we found. Maximal
diversity values corresponding to a more stable system
with maximal buffer capacity were observed at low-
mean phytoplankton densities and under light limiting
conditions. At Salto Grande reservoir, these conditions
are maintained by external inputs of energy (water load,
wind-induced resuspension, changes in the water level),
if the external energy is reduced the eutrophic character
of the reservoir will be manifested by a bloom
formation. This could be an indirect result of the study,
which could lead to quantify the eutrophication damage
to ecosystem functioning, in terms of the external energy
needed to maintain the high diversity conditions. The
showed patterns of diversity and the estimated threshold
values could be integrated to construct a model to
predict the possible occurrence of an algal bloom at
Salto Grande. For reservoir management policy, it
could be said that if the estimated threshold values are
reached and no natural or artiﬁcial disturb occurs, there
is a high probability for a Microcystis bloom develop-
ment within the next weeks. The combination of more
frequent temporal and spatial measurements of the
emergent properties of the phytoplankton community
with the predictions of the probable ambient reservoir
conditions (limnological, hydrological, weather and
reservoir management), would allow to predict the
dynamics of this community and the occurrence of a
Microcystis bloom. Further laboratory and ﬁeld re-
search should be done in order to generalize the
methodology for other systems.Acknowledgements
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